Test day (TD) records of milk production traits (milk yield, fat, and protein percentages) of 534 Italian buffalo cows were analyzed with a mixed linear model in order to estimate lactation curves pertaining to different ages at calving and different seasons of calving. Milk yield lactation curves of younger animals were lower than those of older animals until 20 wk from parturition. No effect of age at calving could be observed for fat and protein percentages. Season of calving affected milk yield only in the first phase of lactation, with the lowest production levels for summer calvings; no effect could be observed on fat and protein contents. Average correlations among TD measures within lactation were 0.59, 0.31, and 0.36 for milk yield, fat, and protein percentages, respectively. Five standard linear functions of time were able to reconstruct the average lactation curves. Goodness of fit was satisfactory for all models considered, although only the five-parameter model was flexible enough to fit all the three traits considered with excellent results. (Key words: buffalo, milk production trait, lactation curve) Abbreviation key: AS = Ali and Schaeffer model; IQP = inverse quadratic polynomial model; ML = mixed log model; TD = test day; WD = Wood model; WIL = Wilmink model.
INTRODUCTION
The Mediterranean water buffalo (Bubalus bubalis, subsp. River) was introduced in Italy from Hungary at the end of the seventh century by barbaric invasions (Maymone, 1942; Mason, 1974) . In the past, buffaloes have been used in the exploitation of swamp areas of central Italy for work, milk, and meat production. Essential features of this species are a great capacity to face adverse environmental conditions and a remarkable longevity: a buffalo cow can produce up to 10 yr and more. The number of buffaloes in Italy has increased considerably in the last 10 yr, passing from 106,000 in 1989 to 200,000 in 2000 with a total milk production of about 150,000 tonne/yr (ISMEA, 1998 ) and a gross income of about $115 million in 1998 (De Stefano, 1998) . The increasing economic relevance of the Italian buffalo lies in the absence of production quotas in the European Community and, above all, in the high market demand of mozzarella cheese, which results in a price of buffalo milk that is more than double the price of cow milk.
The average herd size is 150 cows, although a large variability exists. Animals are kept on paddocks and feeding is mainly based on TMR during lactation and on pastures for dry cows and young animals. The productive cycle is usually seasonal; most calvings (70 to 80%) are concentrated in the period July to December, as autumn is the natural mating season. Under these conditions, an Italian buffalo cow produces on average 2100 kg of milk in a standardized lactation length of 270 d with 8.37 and 4.80 of fat and protein percentages respectively, (AIA, 1999) . Due to the increasing economic relevance of the dairy buffalo industry, interest is great both in improving the production level of animals and in shifting the mating season to spring and summer, a period in which the mozzarella market demand is very high (Barile et al., 1999) . A selection program based on AI and progeny testing has been proposed for the 32,000 buffalo cows registered in the Italian buffalo Herd Book (AIA, 1999) . However, the effectiveness of selection is constrained by both the low reproductive efficiency of this species (Seren and Parmeggiani, 1997 ) and the limited knowledge of the effects of main factors affecting milk production. Actually, studies on dairy buffalo are few and discontinuous (Pilla and Moioli, 1992; Metry, 1994; Jain and Sadana, 2000; Catillo et al., 2001) , probably due to the great differences in the environment and in the productive level of animals in the different countries. In particular, disentangling the effect of the stage of lactation from other factors-such as management type, parity, season of calving and season of production-is difficult. Means within columns with different superscripts differ (P < 0.01).
Studies on dairy cattle have shown that the effect of DIM accounts for a substantial amount of the variation in the production of milk and in its composition. The use of mathematical functions to model the evolution over time of milk production is able to separate the effect of the lactation stage from other environmental factors only when they average out over lactation (Jamrozik and Schaeffer, 1997) . To properly consider the factors whose impact can change over time, i.e., over several test-day (TD) measures within lactation (Swalve, 2000) , the direct analysis of TD measures by mixed linear models has been proposed as an alternative to lactation curve fitting. In recent years, these approaches have been brought into one perspective in TD models that use mathematical functions as covariates to account for the curve of lactation (Ptak and Schaeffer, 1993) . This methodology has proved to be particularly useful in situations in which large amounts of data are available and the effects of environmental factors have been extensively studied, as in the case with the genetic evaluation of dairy cattle.
In the present study, the same principle to combine TD modeling with lactation curve functions is developed at phenotypic level to separate the effects of main environmental factors from the variability component due to the regular evolution of milk production over time. With this aim, lactation curves of milk production traits (milk yield, fat, and protein contents) of Italian buffaloes were constructed by: disentangling the effects of the DIM from other environmental effects by the direct modeling of TD data with a mixed linear model, and fitting several linear or linearizable functions of the lactation curve to DIM effects.
MATERIALS AND METHODS
Data were 4064 TD records of milk related traits (milk yield, fat, and protein percentages) recorded on 534 Italian buffalo cows during the years 1986 to 1999
Journal of Dairy Science Vol. 85, No. 5, 2002 in the farm of the Istituto Sperimentale per la Zootecnia (Tor Mancina, Roma). Lactation length was fixed at 300 d and it was divided into 10 DIM intervals of 30 d each, starting from parturition. Lactations with fewer than 3 TD records were discarded.
Data were grouped according to the following factors: test date (148 levels), calving season (4 levels: 1st = January to March; 2nd = April to June; 3rd = July to September; 4th = October to December), age at calving (6 levels: 1 = age ≤ 3 yr; 2 = 3 < age ≤ 4 yr; 3 = 4 < age ≤ 5 yr; 4 = 5 < age ≤ 6; 5 = 6 < age ≤ 7 yr; 6 = 7 < age ≤ 9 yr); DIM (10 levels).
Data were analyzed by the following mixed linear model structured to highlight the effect of age and season of calving on lactation curves:
where TD i = fixed effect of test date (1, 2, . . ., 148), SEA j = fixed effect of calving season (1, . . ., 4), AGE k = fixed effect of age at calving class (1, 2, . . ., 6), DIM(AGE) lk = fixed effect of DIM nested within age at calving, DIM(SEA) lj = fixed effect of DIM nested within season of calving, L m = random effect associated at each m-th individual lactation (1, 2, . . ., 534), and E ijklmn = random residual.
Fixed DIM(AGE) and DIM(SEA) estimates account for the variation of milk production traits related to the stage of lactation, considered within different ages and seasons of calving, respectively, whereas the effect of season of production is included in the TD factor. The L random factor takes account of the variability associ-ated with each individual lactation (Stanton et al., 1992) . (Co)variances among TD measures within lactation were summarized by the residual R matrix, which was assumed to be block diagonal with identical 10 × 10 submatrices, each corresponding to an individual lactation (Carta et al., 2001) . As an alternative, the compound symmetry structure (CS), usually adopted in repeated measures design (Littel, 1988) , was imposed to R in order to estimate the average TD variance and the mean correlation among TD pairs within lactation.
DIM(AGE) and DIM(SEA) estimates for milk yield, fat, and protein percentages were fitted with the following standard linear models of the lactation curve (Olori et al., 1999) : 1) The incomplete gamma function (WD) of Wood (Wood, 1967) 
, fitted in the log linear form
2) An inverse quadratic polynomial (IQP) (Nelder, 1966) ,
3) The exponential model (WIL) of Wilmink (Wilmink, 1987) ,
4) A mixed log (ML) (Gou and Swalve, 1995 unpublished) Y t = a + bt 1/2 + clogt; 5) A polynomial regression (AS) (Ali and Schaeffer, 1987) ,
According to the suggestions of Wilmink (1987) , the WIL model was reduced to a three parameter linear form by setting the k exponent to the value of 0.70. In all models, Y represents the milk yield, or fat or protein percentage at week t; a, b, c, and d are parameters to be estimated. These equations have been chosen in the perspective of their inclusion as covariates in TD models applied to genetic evaluations. Actually, several studies carried out on dairy cattle have evidenced their suitability as submodels both in fixed and in random regression TD models (Ptak and Schaeffer, 1993; Jamrozk and Schaeffer, 1997; Olori et al., 1999) .
Time at which peak production was attained, and the total milk, fat, and protein 300 d-yield were calculated for each model. Goodness of fit was assessed by considering the adjusted R square, which imposes a penalty according to the number of parameters to be estimated, allowing for a comparison between the three parameter model group and the AS five parameter model; the standard deviation of residuals; and the correlation between residuals and actual yields, as an index of a systematic lack of fit.
RESULTS AND DISCUSSION
The TD fixed factor absorbs a relevant amount of the whole original variability in all the traits considered. Since the test date factor accounts for the effects of the season in which a TD occurs, it can be concluded that, as already evidenced in dairy cattle (Stanton et al., 1992) , the production season markedly affects Buffalo daily milk yield and composition regardless of lactation stage. Age at calving influences milk yield and protein percentage (P < 0.001 and P < 0.005), whereas the calving season has an effect only on milk yield (P < 0.007). Table 1 reports estimates of milk yield, fat, and protein percentages for the different levels of age and season of calving regardless of lactation stage. Daily milk yield increases with the age of animals until 5 to 6 yr of age and then slightly decreases for buffaloes aged 7 yr and more. The effect of age on protein percentage is negligible, whereas small differences among age classes can be found for fat percentage. The calving season affects only milk yield: in particular, a relevant difference (about 1 kg of milk/day) can be observed between summer and winter calvings, whereas the other two seasons are in an intermediate position. The low productive level of buffaloes calving in summer can be explained mainly with the depressive effect of high temperatures at the debut of lactation. Actually, the inclusion of a TD effect accounts for much of the seasonal variation normally observed among buffalo cows calving in different seasons, in agreement with previous results obtained with dairy cattle (Pander et al., 1992; Stanton et al., 1992; Swalve, 1995) .
Estimates of the three production traits separated for age at calving and also for lactation stages are reported in Figure 1 (a, b, and c) .
Evolution over time of daily milk yield follows the typical pattern of dairy animals, with a first ascending phase to the lactation peak and a subsequent decrease toward the dry off. Lactation curves of buffaloes 2 to 3 yr of age (Figure 1a ) differ from those of older animals (>4 yr), with buffaloes of 3 to 4 yr in an intermediate position; such a separation is evident in the first phase of lactation (P < 0.01) and gradually decreases until the 20th wk from calving. Peak yield occurs at around the 6th wk of lactation in all age classes; the rate of decline following peak tends to increase with the age of animals. Thus, if persistency is defined as the extent to which peak yield is maintained (Grossman et al., 1999) , lactation curves of buffalo cows aged 2 to 3 yr are characterized by the highest persistency. This behavior, common in dairy species, can be explained by the maturation process which is still in progress in young animals and that counteracts the normal decline in milk yield. However, it must be underlined that lactation persistency of buffaloes is, in all age classes, about three times lower than in dairy cattle. Such a relevant limitation of the productive ability of buffaloes can be ascribed to the absence of selection in this species. Actually, the state of pregnancy results in a markedly reduced milk yield for lactating buffalo cows, as happened in dairy cattle before the development of selection programs for the improvement of milk yield (Oltenacu et al., 1980; Coulon et al., 1995) . Estimates of fat and protein percentages for different stages of lactation (Figure 1b and c) do not show differences among age classes, in agreement with previous results in dairy cattle, in which fat and protein percentage lactation curves did not change substantially with parity. The general shape of lactation curve, however, differs between fat and protein percentages in each age class. Time evolution of protein content has an opposite trend in comparison with milk yield, reaching its lowest point at approximately the same time as peak milk yield occurs. On the other hand, the pattern of fat content lacks the minimum that in dairy cattle usually occurs with a lag of about 3 wk following peak milk yield; moreover, at around the 10th week of lactation, the curve shows an inflection point which distinguishes between a first phase of rapid increase and a second asymptotic increasing phase. Main results of fitting the different linear functions of time to DIM(AGE) estimates for the three traits considered are reported in Tables 2, 3 , and 4. Milk yield (Table 2) is predicted with high accuracy by all models (adjusted R 2 > 0.96). The best fit is obtained with the AS function, that is also the only model able to give a good fit with fat and protein percentages (adjusted R 2 = 0.96) (Tables 3 and 4). Predicted peak time ranges from 4 (ML) to 7 wk (IQP), whereas predicted 300-d milk yield differs very little among all models. In comparison with the AS, the three parameter models (WD, WIL, and ML) under predict milk yield around peak production, whereas they overpredict it in the decreasing phase of lactation; the contrary happens with the IQP model. Moreover, all these models overpredict the negative peak of protein percentage. Therefore, the pattern of residuals of observed against predicted values is characterized by the same sign for successive weeks, indicating a nonsatisfactory description of the lactation curves. As a consequence, estimated correlations between residuals and observations are positive (except for IQP in the case of milk yield) and relatively high for all three parameter models, further indicating the tendency of residuals to increase with observed yields.
On the contrary, in the AS model, both residual variance and correlations between residuals and observed values are negligible for all traits and all age classes. These results confirm that, among all linear functions e ) respectively. In the present study, average variances were 5.50, 1.28, and 0.12, whereas the average correlations were 0.59, 0.31, and 0.36 for milk yield, fat, and protein percentages, respectively. Such figures are similar to those observed in dairy cattle as far as milk yield is concerned and markedly lower for milk constituents Figure 1 . a. Milk yield lactation curves for different ages at calving (◆ = ≤ 3 yr; = 3 < age ≤ 4; ▲ = 4 < age < 5; x = 5 < age ≤ 6; * = 6 < age ≤ 7; ᭹ = < 7 age ≤ 9). b. Milk fat percentage lactation curves for different ages at calving (◆ = ≤ 3 yr; = < age ≤ 4; ▲ = 4 < age ≤ 5; x = 5 < age ≤ 6; * = 6 < age ≤ 7; ᭹ = < 7 age ≤ 9). c. Milk protein percentage lactation curves for different ages at calvng ◆ = ≤ 3 yr; = 3 < age ≤ 4; ▲ = 4 < age ≤ 5; x = 5 < age ≤ 6; * = 6 < age ≤ 7; ᭹ = < 7 age ≤ 9).
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Figure 2. a. Fitting of the five parameter model to milk yield lactation curves for different ages at calving (◆ = < 3 yr; = < age ≤ 4; ▲ = 4 < age ≤ 5; x = 5 < age ≤ 6). b. Fitting of the five-parameter model to milk fat percentage lactation curves for different ages at calving (◆ = ≤ 3 yr; = 3 < age ≤ 4; ▲ = 4 < age ≤ 5; x = 5 < age ≤ 6). c. Fitting of the five-parameter model to milk protein percentage lactation curves for different ages at calving (◆ = ≤ 3 yr; = 3 < age ≤ 4; ▲ = 4 < age ≤ 5; x = 5 < age ≤ 6). ) fat () [(g/100 ml) 2 × 10] and protein (▲) ((g/100 ml) 2 × 10) percentages. (Stanton et al., 1992) , suggesting a great variability among shapes of individual lactation curves (Olori et al., 1995) . This feature is further confirmed by the results obtained with the independent estimation of each element of the (co)variance matrix without assumptions on equal variances and constant correlations. Milk yield variance (Figure 3 ) tends to decrease as the lactation proceeds, with a slight increase at the end; on the contrary, fat and protein percentage variances increase along the lactation. Moreover, correlations between TD pairs within lactation at different time distance (lag) (Figure 4) show a decreasing trend already evidenced in dairy cattle (Godall and Sprevak, 1984) and sheep (Macciotta et al., 2000) . The main differences among the three traits, besides the more regular behavior of milk yield and slight fluctuations for milk constituents, can be found in the maximum value of correlation (0.67, 0.38, and 0.50 for milk yield, fat, and protein percent- ages, respectively) and in a faster decreasing rate for protein content. All these results highlight the great range of variability in individual lactation curve shapes. A similar limitation in extending the average lactation curves to individual pattern has been found in dairy cattle where a great range of goodness of fit of mathematical functions has been evidenced when fitted to individual lactation curves (Olori et al., 1999) .
CONCLUSIONS
The mixed linear model is effective in estimating lactation curves of milk production traits of Italian water buffaloes. The general shape of the lactation curve for the three traits considered is similar to dairy cattle, although, in the case of milk yield, a relevant difference concerning persistency has been observed. This result can be interpreted as an evidence of the low selection performed in buffalo cows. Age is an important factor in differentiating milk yield lactation curves, whereas its effect is less important on milk components. A clear separation cannot be found among lactation curves pertaining to different seasons of calving. Goodness of fit to average lactation curves is quite high for all mathematical functions. However, only the AS model is able to mathematically represent the time evolution of all the three traits considered with an appreciable accuracy, predicting yields without sensible correlations among residuals which, on the contrary, are relevant for all the three parameter models. The (co)variance structure of random effects suggests the conclusion that an accuracy of prediction of the same magnitude of that obtained in the fitting of the average curves does not seem to be achievable as far as individual lactation curves are concerned.
